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Mo(~~-C,H,CO~M~)(CO),I. To a solution of [Mo($- 
C5H4C02Me)(C0)3]2 (0.2 g) in chloroform (40 cm3) in a Schlenk 
tube was added dropwise iodine (0.16 g) in chloroform (20 cm3). The 
mixture was shaken for 30 min and then washed with aqueous 
thiosulfate ion (three times) to remove iodine. The organic phase 
was then separated and dried and on evaporation afforded a solid. 
This was recrystallized from a hexane/chloroform mixture (1 :1 v/v), 
affording orange-red flakes of the complex (yield 0.2 g). 
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Reaction of tri-tert-butylphosphine with tran~-PtCl~(NCPh)~ in a 2:l molar ratio in dichloromethane results in the formation 
of the chloro-bridged dimeric complex [PtCl(t-Bu2PCMe2CH2)I2 (2) along with trans-PtCl(t-Bu2PCMe2CH2)(P-t-Bu3) 
(1) and (t-Bu3PH)C1. Complex 2 is also prepared by displacing t-Bu3P from complex 1 by reaction with mercuric chloride 
in benzene. Reaction of complex 1 with PtC12(NCPh), also produces the dimeric complex 2, when the reaction is carried 
out in refluxing benzene. Bridge-splitting reactions of 2 with various ligands give the complexes PtCl(t-Bu2PCMe2CH2)(L) 
(5) (where L = pyridine, CO, Me2S, AsPh3, Ph3Sb, Ph3P, Et3P, Ph2MeP, i-Pr3P, c-Hx3P, t-Bu2MeP, t-BuPh2P, and t-Bu3P) 
which have been characterized by elemental analyses as well as proton and 31P NMR spectral studies. The trans configuration 
of complexes 5 containing two nonequivalent phosphine ligands is established by the large phosphorus-phosphorus couplings 
(J(PP')) of the order of 1.400 Hz. 

Introduction 
The intramolecular metalation which occurs between the 

metal and the C-H bonds of tert-alkyl- or arylphosphines in 
palladium or platinum complexes results in the formation of 
metal-carbon bonds.'S2 The process is believed to be promoted 
by the facile formation of five-membered rings3 and is also 
dependent on the steric bulkiness of the phosphine ligands. 
However, comparatively few examples46 of the intramolecular 
metalation of the purely aliphatic phosphines are known 
compared with arylphosphines. Recently, we described in- 
tramolecular metalations of tri-tert-butylphosphine in plati- 
num' and palladium* hydrides leading to the formation of 
MX(P-C)(t-Bu3P) (1) ( M  = Pd, Pt; P-C = t-Bu2PCMezCH2; 
X = C1, Br, I, CF3C0,). Compound 1 was also obtained from 
the reaction of t-Bu3P with PtCl,(NCPh), in benzene,6 al- 
though the same reaction in dichloromethane gave the chlo- 
ro-bridged dimer [PtCl(P-C)], (2). Here we discuss possible 
reaction routes leading to complexes 1 and 2, as well as the 

(1) G. W. Parshall, Acc. Chem. Res., 3, 139 (1970); 8, 113 (1975), and 
references therein. 

(2) C. E. Jones, B. L. Shaw, and B. L. Turtle, J .  Chem. SOC., Dalton Trans., 
992 (1974); H. D. Empsall, P. N. Heys, and B. L. Shaw, ibid., 257 
(1978), and references therein. 

(3) A. J. Cheney and B. L. Shaw, J .  Chem. SOC. A, 754, 860 (1972). 
(4) A. J. Cheney, B. E. Mann, B. L. Shaw, and R. M. Slade, J .  Chem. Sac. 

A, 3833 (1971). 
(5) R. Mason, M. Textor, N. AI-Salem, and B. L. Shaw, J. Chem. SOC., 

Chem. Commun., 292 (1976). 
(6) R. G. Goel and R. G. Montemayor, Inorg. Chem., 16, 2183 (1977). 
(7) H. C. Clark, A. B. Goel, R. G. Goel, and W. 0. Ogini, J .  Organomet. 

Chem., 157, C16 (1978). 
(8) H. C. Clark, A. B. Goel, and S. Goel, Inorg. Chem., in press. 
(9) H. C. Clark, A. B. Goel, R. G. Goel, S. Goel, and W. 0. Ogini, Inorg. 

Chim. Acta, 31, L441 (1978). 

preparation from 2 of several complexes of the type PtCl- 
(P-C)L, L = unidentate ligand. 
Results and Discussion 

When t-Bu3P is allowed to react with PtC12(NCPh), in a 
2:l molar ratio in dichloromethane, a mixture of [PtCl(t- 
Bu2PCMe2CH2)(t-Bu3P)] (l), [PtCl(t-Bu2PCMe,CH2)1, (2), 
and t-Bu3PHC1 (3) is quickly obtained. The reactions de- 
scribed by eq 2-5 are probably involved, leaving eq l as the 
description of the overall reaction. 
P-t-Bu, + 2PtCl,(NCPh)2 - 

[PtCl(t-BuzPCMezCHz)(t-Bu3P)] + 
[PtC1(t-Bu2PCMezCH,)], + t-Bu3PHC1 (1) 

t-PBu3 + PtCl,(NCPh), -+ 

Pt(P-t-Bu,)(NCPh)Cl, + NCPh (2) 
Pt(P-t-Bu3) (NCPh) C12 --+ 

' / ~ [ P ~ ( P - ~ - B U ~ C ( C H , ) , C H ~ ) C ~ ] ~  + HCl + NCPh (3) 

nP-t-Bu, + nHCl - n t-Bu3PHCl (4) 
(1 - n)P-t-Bu, + 

'/,( 1 - ~)[P~(P-~-BU,C(CH,)~CH~)C~]~ - 
(1 - ~)P~C~[P-~-BU~C(CH~)~CH~]P-~-BU~ (5) 

As proof of this, the reactions of eq 2-5 have been carried 
out independently and found to give the expected products. 
For example, when t-Bu3P and PtC12(NCPh), are allowed to 
react in a 1:l molar ratio in CH2C12, the complex PtCl2- 
(NCPh)(t-Bu3P) (4) is obtained. In addition, small amounts 
of complexes 2 and 3 along with unreacted PtC12(NCPh)2 are 
recovered, suggesting a slow conversion of 4 into 2 (as shown 
by eq 3). The rate of this conversion of complex 4 into 2 can 
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be increased considerably by adding 1 mol more of phosphine. 
This probably reacts with the HCl which is formed; it may 
also participate in the reaction of eq 5 .  

I t  also appears, from the above results, that the steps rep- 
resented by eq 3-5 take place almost simultaneously. This 
is further supported by the fact that the 31P NMR spectrum 
of the reaction solution of t-Bu3P with PtC12(NCPh)2 in a 2:l 
molar ratio in CHzC12 shows all of the signals for complexes 
1, 2, and t-Bu3PHCl. 

Interestingly, when complex 4, obtained by the reaction of 
t-Bu,P with PtC12(NCPh)2 (eq 2), is treated with ethanol at  
room temperature, complex 2 is obtained in good yield, within 
a few minutes. 

Addition of t-Bu3P to complex 2 leads via the bridge- 
splitting reaction to complex 1, although a benzene or di- 
chloromethane solution of 1 reverts to 2 over several days at  
room temperature. Complexes 1 and 2 are thus related 
through a solvent-dependent equilibrium (eq 6). The spon- 

2 

(6) 
p\ 

(CHPt\P - f -  BUJ 
2 

1 
(p-C) = f-Bu,PCMe,CH, 

taneous reversion of 1 to 2 may be due to oxidation of free 
phosphine to phosphine oxide or in the case of dichloromethane 
solutions to slow conversion of phosphine to the phosphonium 
chloride. 

Complex 2 is also obtained when complex 1 is refluxed with 
PtC1z(NCPh)2 in benzene for a few minutes, suggesting an 
alternative route for the formation of 2 in reaction 1. Complex 
2 can also be prepared in almost quantitative yield from 1 by 
treatment with HgClZ in benzene. This reaction proceeds 
rapidly at about 50-60 OC, and the resulting products, 2 and 
[HgC12(t-B~3P)]210 (eq 7), can be separated easily due to their 

\ 

[ P ~ C I ( ~ - B U ~ P C M ~ ~ C H ~ ) ( ~ - B ~ ~ P ) I  t HgC12 - 2 t 

different solubilities in benzene. Incidentally, the 31P NMR 
spectrum of the mercury complex [HgCl2(t-Bu3P)I2 shows a 
singlet at 6 +96.30 with J(HgP) = 6754 Hz. 

The 'H NMR spectrum of 2 in dichloromethane shows two 
sets of doublets at 6 1.50 [J(P-C-C-H) = 13.8 Hz] and 6 1.46 
[J(P-C-C-H) = 14.4 Hz] in a 3:l intensity ratio due to the 
tert-butyl (t-Bu2P) and methyl (CMe2) protons, respectively, 
along with two weak signals due to methylene (CH2-Pt) 
protons at 6 1.40 [J(P-C-C-H) = 6.5 and J(lg5Pt-H) = 128 
Hz]. The 31P NMR spectrum of 2 (in CDC13) shows a triplet 
consisting of a main peak (6 -18.6) and two satellite peaks 
due to 19sPt-31P spin-spin coupling [J(Pt-P) = 3757 Hz]. 
However upon further resolution of this spectrum, another set 
of less intense signals can also be observed at 6 -18.8 [J(Pt-P) 
= 3793 Hz]. These 31P NMR spectral results suggest the 
presence of both symmetrical (2a) and antisymmetrical (2b) 

'1 ( p\p t/c l  \ p+/c)  ( P\p+/Cl\p+/ 

c/ \C I /  \ P  c/ \ C I A  \c  
2a 2b 

isomers.'' They are also apparent in the 31P NMR spectrum 

(10) E. C. Alyea, S. A. Dias, R. G. Goel, and W. 0. Ogini, Can. J.  Chem., 
55, 4227 (1977). 

8' 

Figure 1. 31P NMR spectrum of PtCl(P-C)(PEt3), where (P-C) = 
(t-Bu3PCMezCHz), in CHzClz at -90 OC. Signals AA are due to 
the metalated tert-butylphosphine coupled with PEt3 [J(PP') = A-A], 
and the platinum satellites are A'A'. Similarly, BB are the main signals 
due to PEt3 coupled with metalated tert-butylphosphine with B'B' 
as platinum satellites. 

of the complex run in CH2C12 solution, which shows two sets 
of signals at  6 -16.38 [J(PtP) = 3759 Hz] and 6 -15.98 [J-  
(PtP) = 3740 Hz], suggesting a solvent effect. 

Preparation of Mixed-Ligand Complexes by Bridge-Splitting 
Reactions. Various types of ligands cleave2 the chlorine bridge 
of the dimeric complex [PtCl(t-Bu2PCMe2CH2)I2 (2), re- 
sulting in the formation of mixed-ligand complexes,12 PtCl- 
(t-Bu2PCMe2CH2)L (5). Their geometry depends on the 
nature of the ligands. When tertiary phosphines are added 
to benzene solutions of 2, complexes of the type trans-PtC1- 
(P-C)(PR3) (5) are obtained in almost quantitative yields (eq 
8). The stabilities of these complexes are related to the steric 

CPtCl( t -Bu2PCMe2CH2)12 t 2PR3 - 2( P \ /  (8 1 

bulkiness of the phosphine, and, for PR3 = t-Bu,P, 5 dissociates 
upon standing in solution (CH2C12 or benzene) to give 2 and 
free phosphine. However, the complexes containing less bulky 
phosphines (PR3 = Et3P, Ph2MeP, Ph3P, i-Pr3P, t-BuPh2P, 
t-Bu2MeP, c-Hx3P) seem to be stable in solution for at least 
1 week. 

The trans configuration of these species has been ascertained 
on the basis of their 31P NMR spectra which show a large 
phosphorus-phosphorus coupling [J(PP')] (due to magnetically 
nonequivalent phosphorus nuclei) of the order of 383-424 
Hz.I3 With two such phosphorus nuclei, a 12-line spectrum 
is observed in all the cases (each phosphorus gives a doublet 
with 195Pt satellites) (Table I), except in the case of the com- 
plex trans-PtCl(P-C)(PEt3), where, instead of 12 lines, only 
10 lines are observed. In the spectrum, the two phosphine 
signals appear as doublets centered at 6 -3.12 [P(metalated)] 
and 6 +16.59 [P(PEt3)] with J(PP') = 415 Hz. The 195Pt 
satellites toward the lower field of the main doublet signals 
appear as the expected doublets; however, the satellites toward 
the high field are observed as singlets. This pattern is observed 
at  various temperatures as well as in different solvents (Table 
I) and isalso independent of the instrument being used. The 
explanation for this irregular behavior is not clear, but it is 
interesting that the sum of '/J(PtP) + '/2J(PtP') (low field) 
obtained by taking the mean values is equal to the sum of 
'/2J(PtP) + 1/2J(PtP') (high field) (see Figure 1). Another 
irregularity which cannot be fully explained is noticed in the 
31P spectrum of PtCl(P-C)(Ph2MeP) which shows only three 
lines. As suggested in Table I, this may be attributed to an 

C' 'PR3 

(1 1) G. K. Anderson, R. J. Cross, L. M. Muir, K. W. Muir, and T. Solomun, 
J .  Organomet. Chem., 170, 385 (1979). 

(12) F. H. Allen and S. N. Sze, J. Chem. SOC. A, 2054 (1971). 
(13) J. F. Nixon and A. Pidcock, Ann. Rev. NMR Spectrosc., 2, 346 (1969). 
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Table I. "P NMR Spectral Data of PtCl(P-C)L 

metalated phosphine unmetalated phosphine 
no. PtCl(P-C)L 8 (PI J(PtP), Hz 8 (PI J(PtP), Hz J(PP') Hz 
l a  [PtCl(P-C)] 2 -18.8 3793 

-18.6 3757 
l b  [PtCl(P-C)] 2 -16.4 3759 

-16.0 3740 
2a [PtCl(P-C)] (PEt,) +2.0 2207 +22.4 2793 410 

2b PtCl(P-C)(PEt,) -3.1 2271 +16.6 2788 415 

2c PtCl(P-C)(PEt, ) -4.3 2266 +16.4 2793 422 

2300 2695 

2356 2698 

2349 2703 
3a PtCl(P-C)(P-i-Pr , ) -2.9 2228 +34.5 2822 393 
3b PtCl(P-C)(P-i-Pr, ) -4.1 2219 +34.7 2839 400 
4 PtCl(P-C)(P-C-HX,) -4.8 2251 +24.3 2776 400 
5 PtCl(P-C)(P-t-Bu, Me) -8.2 2285 127.3 2852 405 
6 PtCl@-C)(P-t-Bu,) -12.8 2360 +66.8 2680 383 
7 PtCl(P-C)(PPh, Me) -11.3 2942 -11.3 2942 
8 PtCl(P-C)(PPh , ) -10.7 2400 +23.3 2852 424 
9 PtCl(P-C)(PPh , -t-Bu) -9.3 2363 +38.3 2896 405 

1 Oa CiS-PtCl(P-C)(P(OPh),) -11.7 3179 +123.4 3300 7.80 
1 Ob trans-PtCl(P-C) [P(OPh), ] -5.7 2319 +106.2 5026 635 
11 PtCl(P-C)(AsPh,) -11.4 2940 
12a Cis-PtCl(P-C)(SbPh, ) -11.4 3184 
12b trans-PtCl(P-C)(SbPh,) -6.8 3142 
13 PtCl(P-C)(CO) -10.9 2791 
14 PtCl(P-C)(py) -19.8 3233 
15 PtCl(P-C)(Me, S) -11.7 3214 

a (P-C) = (t-Bu,PCMe, CH,); py = pyridine. All spectra were recorded in benzene except those of l a  (in CDCl,), l b  and 15 (in CH,Cl,), 2a 
(in CH,C1 at  -90 "C), and 2b, 3a, 9, and 10 (in CDC1,) at room temperature. 

unlikely but accidental degeneracy of both 6(P) and J(PtP) 
for the two phosphines. It also requires no coupling between 
the two P nuclei, probably due to a rapid exchange between 
two complexes as shown in eq 9. However, the spectrum at  
-60 "C was unchanged. 

In these complexes the metalated phosphine is a constant 
component for one "side" of each molecule. 

The values for J[PtP(metalated)] may well then reflect only 
the effect of the phosphine ligand of the trans position (i.e,, 
trans influence of the phosphine ligand).'4J5 Upon exami- 
nation of these values (Table I), it is observed that in the series 
of alkylphosphines (P-i-Pr,-P-t-Bu,), as the size of the ligand 
increases, the J[PtP(metalated)] value increases, suggesting 
a decreasing order of trans influence (i.e., when the size orderI4 
is P-i-Pr, C P-t-Bu2Me C t-Bu,P, then the trans-influence 
order is P-i-Pr3 > P-t-Bu2Me > t-Bu,P). If this generalization 
is true, then since triethylphosphine is smaller than i-Pr3P, its 
trans influence should be larger than that of i-Pr3P, and hence 
the value of J(PtP) should be smaller. However, the value 
of J(PtP) for PEt3 is found to be the larger. 

It must, however, be emphasized that the J(PtP) value being 
used here is derived from a spectrum which, as described 
above, shows irregular and unexplained features. 

For arylphosphine ligands, the dominant factor for trans 
influence appears to be electronic rather than steric.16 For 
example, J[PtP(metalated)] observed for the complex trans- 
PtCl(P-C)(Ph3P) i s  2400 Hz, larger than the values found for 
any trialkylphosphine complexes regardless of the size of the 

(14) F. H. Allen, A. Pidcock, and C. R. Waterhouse, J .  Chem. SOC. A,  2087 
(1970). 

(15) A. Pidcock, R. E. Richards, and L. M. Veranzi, J .  Chem. SOC. A ,  1707 
(1966). 

(16) C. A. Tolman, Chem. Rev., 77, 313 (1977). 
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B C  
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D I' I' 
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Figure 2. 31P NMR spectrum of a mixture of cis- and trans-PtC1- 
(P-C)P(OPh),. AA are the main signals due to metalated tert-bu- 
tylphosphine of the trans complex [J(PP') = A-A] with platinum 
satellites (shown by A'). Signals BB are due to P(OPh)3 with BIB' 
as platinum satellites. The doublets shown by C and D, which are 
due to the cis complex, are the main peaks due to metalated tert- 
butylphosphine and P(OPh)3, respectively, with platinum satellites 
shown by C' and D'. 

phosphine. Hence, {his large value of J(PtP) is probably due 
to the electronic parameter of PPh3 which is known16 to differ 
from that of alkylphosphines. Similarly, the lower value of 
J(PtP) for PPh,-t-Bu compared to that for Ph3P suggests a 
greater trans influence for Ph,-t-BuP than for Ph,P, and this 
difference cannot be explained just on the basis of the steric 
size of the phosphine. 

When triphenyl phosphite is allowed to react with the di- 
meric complex 2, a mixture of products trans-PtCl(P-C)- 
(PhO),P (major) and c i~-Ptc l (P-C)(Pho)~P (minor) is ob- 
tained (eq lo), characterized by the 31P NMR spectrum 
(Figure 2) which shows, besides the 12 lines due to the trans 
complex, six more doublets (J(PP') = 7.8 Hz) due to the cis 
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such as t-Bu,MeP, t-Ph2BuP, Ph2MeP, etc. were carried out under 
a nitrogen atmosphere with the use of Schlenk-tube techniques. All 
the solvents used were of spectroanalyzed grade and were degassed 
prior to use. Platinum(I1) chloride was obtained from Johnson, 
Matthey, and Mallory, Ltd.; PtC12(NCPh), was prepared by refluxing 
PtCl, in excess benzonitrile and was crystallized from CH2C12/hexane. 

Elemental analyses were performed by M.H.W. Laboratories, 
Phoenix, Ariz. Infrared spectra were recorded on a Beckman IR-12 
spectrophotometer using CsI plates in Nujol. 'H NMR spectra were 
recorded on a Varian A-60 spectrophotometer, and 31P NMR spectra 
were obtained with a Bruker 60 Fourier transform spectrometer. 
Me& was used as an internal standard for 'H NMR spectra and 
external H3P04 for 31P NMR spectra. Melting points were determined 
with a Gallenkamp melting point apparatus in glass capillary tubes 
and are uncorrected. 

Reaction of r-Bu,P with PtC12(NCPh)2 in CH2C12. (a) Molar Ratio 
1:l. To a magnetically stirred solution of PtC12(NCPh)2 (3.78 g; 8.0 
mmol) in 70 mL of CHzC12 was added dropwise t-Bu3P (1.60 g; 8.0 
mmol), and the reaction mixture was stirred at room temperature 
for -4  h during which time the color of the solution changed from 
yellow to orange-red. Solvent was stripped off under reduced pressure 
to give a viscous paste. A 30-mL sample of 95% ethanol was added, 
and the mixture was stirred for -30 min to give a pale white, insoluble 
solid which was filtered and dissolved in benzene. From this benzene 
solution, colorless prism-shaped crystals were obtained by the addition 
of hexane. The yield of the reaction varied from 55 to 85% depending 
upon the length of time of the reactions. Anal. Calcd for [PtCl(t- 
B U ~ P C M ~ ~ C H , ) ] ~ :  C, 33.40; H, 6.03; C1,8.23; mol wt 863. Found: 
C, 33.30; H, 6.03; C1, 8.22; mol wt 856 (in benzene). Mp: 212-215 
OC (sample started turning grayish black at 212 'C and melted at 
230 "C). 

(b) Molar Ratio 21. t-Bu,P (1.62 g; 8.0 mmol) was added dropwise 
to a well-stirred solution of PtC12(NCPh), (1.89 g; 4.0 mmol) in 
CH,Cl, (50 mL) at room temperature under nitrogen. The reaction 
solution was allowed to react for = 2  h. The solvent was removed 
under reduced pressure, and the resulting product was dried in vacuo 
for - 1 h at 50-60 O C .  The pale white solid was treated with hexane 
and the mixture filtered. 

The hexane-soluble fraction was concentrated to give a white 
crystalline solid, yield 40%. Anal. Calcd for PtCl[P-t-Bu,C- 

(CH3)2CH2](P-t-Bu3): C, 45.44; H, 8.43; C1, 5.60. Found C, 45.40; 
H, 8.41; C1,5.62. The hexane-insoluble solid was washed with ethanol, 
and the white insoluble solid was recrystallized from a benzene/hexane 
mixture; yield 36%. Anal. Calcd for [Pt(P-f-BuzC(CH3)2CH2)C1l2: 
C, 33.40; H, 6.03; C1,8.23; mol wt 863. Found: C, 33.30; H, 6.02; 
C1, 8.23; mol wt 851 (in benzene). The ethanol-soluble fraction was 
evaporated and washed with hexane to give a white solid which was 
characterized as t-Bu3PHCl by its infrared (v(PH) 2382 cm-') and 
'H and 31P NMR spectraa2 

Reaction of PtCl( t-Bu2PCMe2)( t-Bu3P) with PtCI2(NCPh),. 
PtCl(t-BuzPCMe2CH2)(t-Bu3P) (1.5 mmol) and PtC12(NCPh)2 (1 S 
mmol) were mixed together in benzene (-35 mL), and the reaction 
mixture was refluxed for ~3 h to give a clear solution. Solvent was 
removed, the resulting solid was washed with ethanol, and the residue 
was crystallized from benzene/hexane. The product corresponded 
analytically to the dimeric complex 2. 

Reaction between PtCl(t-Bu2PCMe,CH2)(P-t-BuP) (1) and H g Q .  
To a solution of the complex 1 (1.0 mmol) in benzene ( e 2 5  mL) was 
added mercury(I1) chloride (1 .O mmol). The reaction mixture was 
stirred for about 2 h at 60 OC, and after it cooled to room temperature, 
the white crystalline solid which separated was filtered off. The filtrate 
was concentrated, and the product was crystallized by the addition 
of hexane. Both benzene-soluble and -insoluble solids were analyzed 
and characterized by 'H and 31P NMR spectra. Anal. Calcd for 
[(t-Bu3P)HgCl2l2: C, 30.41; H, 5.70; C1, 14.99. Found for benz- 
ene-insoluble solid: C, 30.52; H, 5.68; C1, 15.23. The benzene-soluble 
product was found to be complex 2, characterized by its elemental 
analyses and 'H and NMR spectra. 

Bridge-Splitting Reactions of [PtCI( t-Bu2PCMezCH2)12. (a) With 
Triakyl- or Triarylphosphines, Triphenylarsine, and Triphenylstibine. 
Typically, to a solution of the dimeric complex [PtCl(t- 
Bu2PCMe2CH2)], in benzene was added an equimolar amount of 
triphenylphosphine, and the reaction mixture was allowed to react 
for 2-3 h at 60 OC. After concentration of the solution, crystals of 
the compound PtCl(t-BuzPCMe2CH2)(Ph3P) (5) were obtained by 

I - 

major 

P \  /P(OPh), 
(10) Lpt \ c, 

minor 
complex at 6[P(metalated)] -11.71 [J(PtP) = 3179 Hz] and 
6(P') +123.39 [J(PtP)  = 3301 Hz]. The J[PtP(m)]  value 
(P(m) is phosphorus of metalated phosphine) observed (2319 
H z )  for the  trans complex suggests that  the  trans influence 
of ( P h 0 ) 3 P  is greater than that  of Ph3P, which is contrary to 
the results observed by Allen et a1.12 in the series of complexes 
trans-PtCl(n-Bu3P)L. The reaction of Ph3As with complex 
2 results in the formation of trans-PtCl(P-C)(Ph3As). How- 
ever, when Ph3Sb is allowed to react with 2, both cis- and 
trans-PtCl(P-C)(Ph,Sb) are obtained as observed in the 31P 
NMR spectrum. Carbon monoxide undergoes the bridge- 
cleavage reaction with complex 2, smoothly a t  room tem- 
perature unlike the palladium analogues for which no such 
reaction is observed,8 to  give a complex with the trans con- 
figuration. Similarly, pyridine reacts with the dimer complex 
2, giving only the trans product, contrary to earlier reports for 
[P tC1(P-C) l2  [where ( P - C )  = t -Bu2PC6H4CH2 or 
CH,C6H,P-t-Bu(o-tol)] where both cis and trans complexes 
have been ~repared.~ Dimethyl sulfide reacts with the dimeric 
complex 2 to give a cis product which is unstable in solution 
and dissociates, giving back the starting material 2 (eq 11). 

[PtCl(P-C)], + 2Me2S + PtCl(P-C)(Me2S) (1 1) 
From the values of J(PtP)  observed in the above complexes 

(Table I )  we find a trend for the trans influence of the ligands 
used in this present investigation as follows: i-Pr3P > c-Hx3P 
> t-Bu2MeP > (Ph0)3P > t-Bu,P > Ph2-t-BuP > Ph3P > CO 
> Ph3As. > Ph3Sb > py. W e  have not included Et3P and 
Ph2MeP in this series because of the irregular spectra observed 
for these complexes. 

T h e  'H NMR spectral parameters for complexes PtCl- 
(P-C)L ( 5 )  are given in Table 11. Where L is other than a 
phosphine ligand, the metalated phosphine shows signals due 
to tert-butyl (t-Bu2P) and methyl (CMe2) protons as doublets 
in the  ratio 3:l. The  methylene protons are also observable 
as a doublet with 195Pt satellites. For example, complex 5 (L 
= pyridine) shows doublets due to tert-butyl and methyl groups 
at 6 1.55 r3J(P-H) = 13.5 Hz] and 6 1.55 [J(P-H) = 13.6 
Hz], respectively. The methylene proton signals are  observed 
at 6 1.27 as a doublet [ J (PH)  = 7.9 Hz] with platinum sat- 
ellites [J(PtH) = 102 Hz]. Some of the spectra for complexes 
containing two magnetically nonequivalent phosphines a t  
positions trans with respect to each other, e.g., trans-PtCl(P- 
C)(PR3), show signals due to the tert-butyl and methyl group 
protons as double doublets due to the  splitting by both 
phosphorus nuclei. The methylene proton signals are  observed 
as two sets of doublets. In particular, the spectrum of complex 
5 (R3P = Ph3P) shows double doublets due to the tert-butyl 
groups a t  6 1.54 [3J(PH)  = 12.2 Hz and 5J(PH)  = 1.0 Hz] 
and due to  methyl protons at 6 1.30 [3J(PH) = 12.0 Hz and 
5J(PH) = 1 .O Hz], The  methylene protons (C-CH2-Pt) are 
observed as  two doublets a t  6 0.83 and 0.98 [J(PH) = 5.0 Hz] 
with J ( P t H )  = 94 Hz. 
Experimental Section 

Tri-tert-butylphosphine was prepared as described previ~usly'~ and 
distilled under reduced pressure at 58-60 OC (0.1 mm). All other 
phosphines were obtained from Strem Chemicals Inc. All operations 
involved in the reactions of t-Bu3P and other air-sensitive phosphines 

(17) E. C. Alyea, G. Fey, and R. G. Goel, J .  Coord. Chem., 5, 143 (1976). 
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Table 11. ‘H NMR Spectral Data of PtCl(CH,C,P-t-Bu,)L(“ 

Clark et al. 

signals due to CH,CMe,P-t-Bu, 
tert-butyl (P-t-Bu,) dimethyl (P-CMe,) 

signals due to methylene (PC-CH,Pt) J(P-H) ’ J(P-H) 
or or 

“J”(P-H), ’J(P-H), “.I” (P-H) , J(P-H), J(Pt-H), ligand: 6 
L 6 (t-Bu) Hz HZ 6 (Me) HZ 6(CHz) HZ Hz [J(P-H), Hzl 

t-Bu,MeP 1.62 (d) 13.5 1.55 (d) 12.5 1.06 (d) 

P h 3  p 

Ph,Pb 

Ph,-t- 
BuP 

co 
trans- 

Cis- 

Ph,As 

Ph,MeP 

SbPh, 

SbPh, 

i-Pr , P 

PY 
Me, S b  

cHx,P 

f-Bu,P 

Et,P 

1.54 (dd) 12.2 1.0 1.30 (dd) 

1.58 (d) 12.3 1.35 (d) 

1.68 (dd) 12.2 1.0 1.50 (d) 

1.09 (d) 14.4 1.23 (d) 
1.60 (d) 13.1 1.46 (d) 

1.36 (d) 13 1.54 (d) 

1.62 (d) 14 1.38 (d) 

1.50 (dd) 9.5 3.0 1.34 (dd) 

1.62 (d) 13 1.38 (d) 

1.55 (d) 13.5 1.50 (d) 
1.45 (d) 14 1.53 

1.43 (d) 11.2 1.53 (d) 

1.66 (d) 13 1.81 (d) 

1.38 (d) 11.7 1.54 (d) 

12.0 
[ ’J(P-H) = 
1.01 

11.5 

11.6 

15.8 
14 

14 

12 

10.0 
[ ’J(P-H) = 
3.01 

12.3 

13.6 
13.8 

12.7 

12 

12.6 

0.88 id) 

0.83 (d) 
0.98 (d) 

0.82 (d) 
0.64 (d) 
1.01 (d) 
1.15 
1.58 (d) 
1.62 

1.39 

0.88 (d) 

0.87 (d) 
0.72 (d) 

“ 1, 

1.27 (d) 
1.43 

1.04 (d) 
1.20 (d) 
“a” 

“ ,, 

5.2 
5.2 

5.0 
5.0 

5.0 
5.0 
5.0 
5.0 
9.3 
8.9 

9.0 

9.5 

6.6 
6.8 

7.8 
8.5 

5.0 

92 

94 

94 

94 

87.5 
89 

90 

92 

95 

102 
90 

92 

t-Bu 1.42 
[J(P-H) = 
11l;Me 
1.50 (t) 

Ph 7.17 (m), 
7.90 (m) 

[J(P-H) = 5.61 

Ph 7.18 (m), 
7.90 (m) 

Ph 7.20 (m, b), 
7.86 (m, b) 

Ph 7.48 (m) 

Ph 7.48 (m) 

Ph 7.45 (m), 
7.76 (m) 

Me 1.98 (d) 
[J(P-H) = 6, 
J(Pt-H) = 
261; Ph 7.40 
(m); 7.70 (m) 

[J(PH) = 6.91 ; 
CH 2.36 (m) 

PY 7.2-7.8 (m) 

CH, 1.17 (t) 

-. . .  
2.47 (s) 

1.5 (3) 
[J(PtH) = 221 

1.71 (d) 
[J(PH) = 
11.51 

CH, 1.28 (9); 
CH, 1.386 
(m) 

(” All spectra were recorded in C, D, except as noted otherwise. d = doublet. “a”: signals due to -CH, cannot be observed due to other 
Spectra were recorded in CDCl,. strong signals. 

Table 111. Physical and Analytical Data of PtCl[CH,C(CH,),P-t-Bu,l L 
anal.. % 

yield, 
no. ligand solvent of crystn % calcd found calcd found calcd found mp, “C 

1 co benzene/hexane 92 33.95 
2 Et,P ethanol/H,O 74 39.31 
3 Ph,MeP benzene/hexane or ethanol/H, 0 80 47.51 
4 Ph,P benzene/ethanol or benzene/hexane 90 5 1.91 
5 Ph,As benzene/ethanol or benzene/hexane 92 48.79 
6 Ph,Sb benzene/hexane 89 45.91 
7 i-Pr,P benzene/hexane 85 42.60 
8 c-Hx,P ethanol/H,O 82 50.60 
9 Ph,-t-BuP CH,Cl,/hexane 80 43.44 

10 t-Bu,MeP benzene/ethanol/H,O 80 42.60 
11 t-Bu,P hexane 85 45.46 
12 C,H,N cold hexane 85 39.96 
13 Me,S 88(“ 34.04 
14 (PhO),P benzene/hexane 82 48.55 
15 [PtCl(P€)] benzene/hexane b 33.40 

a Yield before crystallization. Yield varies with methods of preparation. 

33.80 
39.40 
47.25 
51.83 
48.80 
46.01 
42.31 
50.55 
43.40 
42.39 
45.40 
40.05 
33.98 
48.62 
33.30 

5.66 5.62 7.13 1.85 
7.46 7.45 6.46 6.59 
6.18 6.10 5.62 5.95 
5.91 5.88 5.12 5.21 
5.56 5.51 4.81 4.85 
5.23 5.19 4.53 4.58 
7.79 7.85 6.00 6.05 
8.29 8.18 4.99 4.95 
5.82 5.87 4.59 4.79 
1.95 7.94 6.00 6.21 
8.37 8.32 5.60 5.72 
6.07 6.01 6.95 7.04 
6.48 6.47 7.19 7.21 
5.53 5.52 4.79 4.81 
6.03 6.03 8.23 8.22 

145 
85 
178 
205 
202 
195 dec 
160 
203 
203-205 
183-185 
239 dec 
142 
230 dec 

212-215 dec 

the addition of hexane. Analyses of this complex and other complexes 
prepared similarly by using ligands Et,P, Ph2MeP, i-Pr3P, Ph2-t-BuP, 
t-Bu2MeP, t-Bu,P, c-Hx3P, (PhO),P, PhsAs, and Ph3Sb are given 
in Table 111. 

(a) With Pyridine. An excess of pyridine was added to the solution 
of dimeric complex 2 in benzene, and the reaction mixture was warmed 

to 60 O C  and allowed to react for -2 h. Solvent was removed, and 
the residue was recrystallized from cold hexane to give flakelike white 
crystals. Analyses are given in the Table 111. 

(c) With Carbon Monoxide. A stream of carbon monoxide was 
bubbled through a benzene solution of dimeric complex 2 at room 
temperature for h, and the product was crystallized as colorless 
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prisms from a benzene/hexane mixture. The infrared spectrum of 
the complex PtCl(t-BuzPCMezCH2)(CO) showed a band of 2055 cm-' 
due to a terminal carbonyl group. Analytical and spectral data of 
the complex are given in the tables. 

(d) With Dimethyl Sulfide. To a solution of dimeric complex 1 
in benzene was added an excess of dimethyl sulfide, and the reaction 
mixture was stirred at room temperature for = 3  h. The solvent was 
removed, and the proton NMR spectrum of the resulting product was 
recorded in CDCI,. This showed the presence of 1 molar equiv of 
Me2S complexed to platinum, confirmed by the appearance of lg5Pt 
satellites [J(Pt-H) = 22 Hz] for the methyl signals. During the 
attempted crystallization of the complex from benzene/hexane, di- 
methyl sulfide was found to be displaced and the starting material 
2 crystallized out. 
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Evidence for Cobalt(I1) Catalysis and for an Intermediate Dioxygen Adduct in the 
Autoxidation of Cobalt (11) Chloride Complexes of Ethyl Phosphinite, Phosphonite, and 
Phosphite Esters' 
WEN-SHU HWANG, INGO B. JOEDICKE, and JOHN T. YOKE* 

Received March 28, 1980 
With use of the ligands L = Et,P(OEt),_,, n = 0-2, the equilibrium constants and thermodynamic functions have been 
determined for the high-spin low-spin equilibria CoCl2L2 + L CoC12L3 in benzene. In the autoxidation both of CoC12L2 
complexes and of CoClzL3 * CoCI2L2 + L equilibrium systems, all the L is converted to its phosphoryl derivative LO 
with no change in the value of n. In their initial stages the reactions are first order in cobalt complex; first-order dependence 
on oxygen was demonstrated in representative cases. The autoxidation rate constants for the high-spin CoC12Lz complexes 
and the low-spin CoClZL3 complexes are not very different; autoxidation of C O C ~ ~ ( E ~ ~ P ) ~  is 1 order of magnitude slower. 
For the n = 1 system, the 1:l dioxygen adduct intermediate was prepared at a low temperature, and the stoichiometry 
and kinetics of its irreversible rearrangement were determined. In the proposed autoxidation mechanism, formation of 
the dioxygen adduct is the rate-determining step. Ligand redistribution equilibria make kinetics complex in the latter stages 
of the autoxidation. A catalytic cycle has been demonstrated in the autoxidation of triethyl phosphite under mild conditions. 

Introduction 
Tertiary aliphatic phosphines and phosphorus esters, R,,P- 

n = 0-3, react with dioxygen by a radical chain 
mechanism to give phosphoryl oxidation products.2 With free 
radical or photoinitiation, tertiary phosphites ( n  = 0) are 
oxidized quantitatively to phosphates P(O)(OR),, but all the 
others give a mixture of oxidation products. For example, a 
phosphinite ester RzPOR gives some RP(OR)z and P(OR), 
intermediates and R2P(0)OR, RP(O)(OR),, and P(O)(OR), 
final p r o d ~ c t s . ~  This is because the mechanism2 involves 
formation of intermediate phosphoranyl radicals, e.g., eq 1, 

(1) 
which can decompose either by C-0 bond rupture (eq 2a) to 
give a final phosphoryl product or by C-P bond rupture (eq 
2b) to give a new trivalent phosphorus intermediate subject 
to further oxidation. 

(2a) 
-+ RP(OR)2 + R. (2b) 

RO. + RzPOR -+ R,P(OR), 

R2P(OR)2 -* R,P(O)OR + R. 

In contrast, it has been shown4 that triethylphosphine in its 
cobalt(I1) chloride complex CoC12(Et3P),, in organic solvents, 
is oxidized quantitatively to the phosphine oxide complex 
C O C ~ ~ ( E ~ , P O ) ~  by a nonradical pathway. The proposed 

( 1 )  Presented at the XXIst International Conference on Coordination 
Chemistry, Toulouse, France, July 1980. Taken from portions of the 
dissertations submitted by W.-S.H. (1979) and I.B.J. (1976) to the 
Graduate School of Oregon State University in partial fulfillment of the 
requirements for the Ph.D. degree. Supported in part by NSF Grant 

(2) Buckler, S. A. J.  Am. Chem. SOC. 1962,84, 3093. 
(3) Hwang, W. S.; Yoke, J. T. J .  Org. Chem. 1980, 45, 2088. 
(4) Schmidt, D. D.; Yoke, J. T. J .  Am. Chem. SOC. 1971,93, 637. 

MPS 75-05782. 
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mechanism involves formation and decomposition of an in- 
termediate cobalt(I1)-dioxygen adduct, eq 3. 
CoCl,(Et3P)2 + 0 2  -+ 02CoC12(Et,P)Z -+ CoC12(Et,PO)2 

(3) 

Triethylphosphine has the largest steric requirement of the 
four Et,P(OEt),-,  ligand^.^ Its only cobalt(I1) chloride 
complex is CoC12(Et3P),, as has been shown by studies of the 
solid-vapor equilibrium system6 and of solutions of the com- 
ponents in organic solvents.' It alone fails to participate in 
the high-spin (quartet state) low-spin (doublet state) equi- 
librium reactions, eq 4, the equilibrium constants for which 

COC12LZ + L == COC12L3 (4) 
have been reported8 in tert-butylbenzene solution with the 
ligands L = Et,P(OEt),,, n = 0-2. All three types of species 
in the equilibrium mixture are susceptible to autoxidation. It 
is of interest to see what effect the differences in cobalt 
paramagnetism and coordination number will have on the rates 
and products of the reaction with dioxygen and to see if co- 
balt(I1) chloride can bring about oxidation of large amounts 
of substrate in a catalytic cycle, as well as of stoichiometric 
amounts in the complexes. The postulated role of a cobalt- 
dioxygen adduct is also to be investigated. In all cases except 
n = 0, there is the possibility that autoxidation of free phos- 
phorus ligand can be distinguished from autoxidation of co- 
ordinated ligand by detection of mixed phosphoryl products, 

(5) Tolman, C. A. J.  Am. Chem. SOC. 1970,92,2956. 
(6) Hatfield, W. E.; Yoke, J. T. Inorg. Chem. 1962, 1, 475. 
(7) Nicolini, M.; Pecile, C.; Turco, A. J.  Am. Chem. SOC. 1965,87, 2379. 
(8) Joedicke, I. B.; Studer, H. V.; Yoke, J. T. Inorg. Chem. 1976,15, 1352. 
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